stood, and it is not known if factors associated with seizure freedom after corpus callosotomy differ from those in resection.
Here we report the first systematic review and metaanalysis of seizure outcomes following corpus callosotomy for drug-resistant epilepsy in both adults and children. A number of variables, including corpus callosotomy extent, epilepsy etiology, epilepsy duration, electroencephalography (EEG) results, and MRI findings were examined as possible predictors of complete seizure freedom or freedom from drop attacks postoperatively. Corpus callosotomy extent was also examined as a possible predictor of disconnection syndrome. Finally, adverse event rates in the literature were reviewed.
Methods

Literature Review
In April 2017 we searched PubMed, Web of Science, and Scopus for articles containing seizure outcomes for corpus callosotomy. Using the search terms "epilepsy" and/or "callosotomy", we returned 520, 299, and 361 results from PubMed, Web of Science, and Scopus, respectively, totaling 679 unique citations after exclusion of duplicates. The filters used for each search engine were English language only, publication date of 1987 or later, no book chapters or reviews, and only medicine or neuroscience articles. Furthermore, references of related studies were investigated for potential studies that fit the inclusion criteria. Two authors independently reviewed the articles (A.Y.C. and D.J.E.). Data extraction was done by A.Y.C. and reexamined by D.J.E. The following inclusion criteria were used for all databases: 1) a primary clinical study reporting seizure outcomes after corpus callosotomy, excluding book chapters and reviews; 2) English language only; and 3) a publication date no earlier than 1987. Overall, 150 potential studies met our inclusion criteria and were reviewed in full text. Then exclusion criteria were applied, including the following: 1) absent or unclear outcome data (e.g., inability to assign seizure outcomes); 2) data from fewer than 10 patients; 3) patient data redundant with another manuscript; 4) mean or median follow-up shorter than 12 months; and 5) concurrent resection performed in addition to callosotomy. Overall, 58 studies met our inclusion and exclusion criteria, and were examined in detail, as summarized in Fig. 1 . The literature search and study were designed using Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. 48 
Data Collection
The primary outcome measure was seizure outcome at last follow-up. Overall seizure and drop attack outcomes were collected and dichotomized into "completely seizure free" and "not completely seizure free," or "drop attack free" and "not drop attack free." Both "drop attack" seizures and "atonic" seizures were considered collectively. Individual patient data were excluded when they were redundant with another publication. The following variables were collected if they could unambiguously be associated with a seizure/drop attack outcome: 1) age at surgery, 2) sex, 3) corpus callosotomy extent, 4) MRI findings, 5) EEG findings, 6) seizure frequency, 7) epilepsy duration, 8) presence of generalized seizures, 9) presence of focal seizures, 10) presence or history of infantile spasms, 11) presence of absence seizures, and 12) epilepsy etiology. Corpus callosotomy extent was also separately related to the presence or absence of disconnection syndrome symptoms after surgery when possible. Disconnection syndrome was assigned individually by the primary studies, but included any of these symptoms: hemispatial neglect, tachistoscopic visual suppression, nondominant hand apraxia, alexia without agraphia, tactile aphasia, dichotic listening suppression, or alien hand syndrome.
Corpus callosotomy extent was dichotomized into complete or partial (i.e., anterior, posterior). Staged disconnections in which an anterior disconnection was followed by a posterior completion were included in some instances. In these cases, if seizure outcomes were reported after the initial anterior section only, this was considered partial section, whereas if seizure outcomes were reported after the completion stage, this was considered complete section. For imaging results, only MRI results were considered, and CT or ambiguous results were excluded. Preoperative EEG results were considered lateralized if the abnormal electrographic activity was either completely lateralized or predominantly on one side, and results were considered nonlateralized otherwise. Etiology data were collected and categorized as idiopathic, malformation, syndromic, or other, and dichotomized into idiopathic versus known for meta-analysis.
Although sufficient data were not available for systematic analysis of perioperative adverse events, complication rates and types were recorded from a subset of patient series, where available.
Statistical Analysis
Overall seizure and drop attack outcomes were stratified by each variable and examined with preliminary statistical analysis for summary purposes. This was done to help identify which variables were potentially associated with outcomes, to then subject them to formal meta- analysis. Student t-tests and chi-square tests were used to evaluate continuous and categorical data, respectively. Fisher transformation tests were used to examine potential outcome trends over time. Factors demonstrating a potential association with seizure outcome with a significance level of p < 0.05 after preliminary analysis were then subjected to formal meta-analysis. Cochran's Q and I 2 tests were used to evaluate heterogeneity across studies, to ensure that a fixed effects model was appropriate. Mantel-Haenszel testing was used to calculate odds ratios and 95% CI. We investigated the potential bias by visualization of funnel plots and examining the correlations between sample size and both complete seizure freedom and drop attack freedom rates. Wizard Pro 1.8.28 was used for preliminary statistical analysis, and Review Manager v5.3 (Nordic Cochrane Centre, Rigshospitalet, 2008) was used for meta-analysis.
Results
Overall, 1742 patients were included from 58 unique studies (Table 1 ). 79-82 All studies were retrospective or prospective case series, and no controlled studies were identified. Overall, the rates of complete seizure freedom and freedom from drop attacks were 18.8% and 55.3%, respectively, at last follow-up. No significant trends in seizure outcome were observed over time (Fig. 2) .
Factors potentially associated with seizure outcome were preliminarily examined for summary purposes, as shown in Table 2 , to identify variables for formal metaanalysis. Although no relationships between basic demographics and outcome were noted, both complete seizure freedom and drop attack freedom were more common with complete versus partial callosotomy. Complete seizure freedom was also more likely in the setting of normal findings on MRI compared to abnormal findings, and lateralized EEG compared to nonlateralized EEG. Both a shorter duration of epilepsy and the presence of infantile spasms were associated with improved overall seizure outcome, and a higher rate of drop attack freedom was noted in patients with idiopathic versus known epilepsy etiology. There was no significant correlation between study sample and the percentage of complete seizure freedom (p = 0.181) and drop attack freedom (p = 0.827).
Variables showing potential association with seizure outcome were then subjected to meta-analysis to identify predictors of complete seizure freedom ( Fig. 3 ) and freedom from drop attacks (Fig. 4) after surgery. Overall, there was low heterogeneity observed among studies, and heterogeneity test results are shown in the figure legend, although it is known that heterogeneity statistics can be biased in small meta-analyses such as the present study. Complete seizure freedom was significantly predicted by the presence of infantile spasms over their absence (OR 3.86, 95% CI 1.13-13.23), normal over abnormal MRI findings (OR 4.63, 95% CI 1. 75-12.25) , and an epilepsy duration of < 15 years (OR 2.57, 95% CI 1.23-5.38), whereas partial versus complete corpus callosotomy (OR 2.02, 95% CI 0.82-4.97) and lateralized versus nonlateralized EEG findings (OR 1.37, 95% CI 0.46-4.09) were not significantly associated with outcome. Next, freedom from drop attacks was significantly predicted by complete over partial callosotomy (OR 2.90, 95% CI 1.07-7.83) and idiopathic over known etiology (OR 2.84, 95% CI 1.35-5.99). Of note, a fixed-effects model was used for all meta-analyses, given presumed prior knowledge of the corpus callosotomy epilepsy patient population, and all tests of heterogeneity were nonsignificant. Funnel plots to evaluate for bias are shown for factors subjected to formal meta-analysis (Supplementary Figs. 1 and 2) .
We also investigated a potential relationship between complete versus partial callosotomy and the presence or absence of disconnection syndrome symptoms after surgery. Where data were available (n = 34 studies), disconnection syndrome was reported to be present in 59 (12.4%) but absent in 418 (87.6%) of patients receiving partial callosotomy, and it was present in 17 (8.0%) but absent in 195 (92.0%) of those receiving complete callosotomy (p = 0.093, chi-square). On formal meta-analysis of these data, Finally, complication rates were nonsystematically reviewed in a subset of studies in which data were available, as summarized in Table 3 . Overall, the rate of adverse perioperative events ranged from 8.1% to 12.4%. The most common complications included transient lower-extremity weakness, transient aphasia or mutism, and infection.
Discussion
Corpus callosotomy is a palliative therapy for drugresistant epilepsy aiming to prevent epileptic discharges from spreading between hemispheres, and thereby preventing generalization of seizures, particularly drop attacks. We analyzed overall seizure and drop attack outcome data following corpus callosotomy and performed a quantitative meta-analysis. Patients were more likely to be completely seizure free after surgery if they suffered from infantile spasms, the preoperative MRI findings were normal, or epilepsy duration was < 15 years. Patients were more likely to be free of drop attacks if the procedure was a single-stage complete rather than partial callosotomy. No relationship was noted between callosotomy extent and disconnection syndrome, and perioperative adverse events were reported in approximately 8%-12% of patients. Recognizing the rates and predictors of favorable outcome after corpus callosotomy may aid patient selection and preoperative counseling.
Two previous reviews have investigated the efficacy of corpus callosotomy compared to vagus nerve stimulation. First, a systematic review compared vagus nerve stimulation and corpus callosotomy for atonic seizures and drop attacks. 65 The results showed that corpus callosotomy was more likely to produce ≥ 50% reduction in seizure frequency than vagus nerve stimulation, and that adverse events were more likely with vagus nerve stimulation. Second, a meta-analysis that compared the efficacy of vagus nerve stimulation and corpus callosotomy in patients with Lennox-Gastaut syndrome also found that corpus callosotomy was more effective at reducing atonic seizure frequency. 38 However, no systematic reviews or meta-analyses examining predictors of seizure outcome after corpus callosotomy had previously been reported.
Predictors of Complete Seizure Freedom
The overall seizure-free rate after corpus callosotomy (19%) is, as expected, much lower than focal resection for epilepsy, given that this is a palliative surgical procedure. For example, results from a systematic review and metaanalysis of epilepsy surgery demonstrated that 66% of patients undergoing temporal resection were seizure free postoperatively, 77 whereas approximately 50% of individuals achieve seizure freedom after extratemporal resection for epilepsy.
14 However, the primary goal of corpus callosotomy is often to alleviate drop attacks or atonic seizures and thereby prevent falls, and this favorable outcome was seen in 55.3% of cases. Thus, corpus callosotomy should be considered for patients with substantial disability from attacks who are not favorable candidates for focal resection.
Patients were more likely to develop complete seizure freedom following corpus callosotomy if they suffered from infantile spasms. Current first-line therapy for these spasms is administration of corticosteroids and vigabatrin. 63 For refractory cases, corpus callosotomy is considered an alternative treatment. In one study, complete callosotomy was shown to eliminate infantile spasms in 80% of subjects. 58 Our results suggest that overall seizure outcomes may also be more favorable in this patient subpopulation.
Our analysis indicated that patients were less likely to be seizure free if preoperative MRI results were abnormal. This finding differs starkly from literature relating to resective epilepsy surgery, in which abnormal MRI findings are typically associated with more favorable seizure outcome. 78 This discrepancy is probably due to the patient population under study. We hypothesize that although an MRI lesion suggests a focal epileptogenic zone, which will respond well to resection, individuals with a focal lesion who undergo corpus callosotomy probably represent the most challenging epilepsy cases, or those with difficult lesions in challenging areas that cannot be safely removed. Thus, outcome predictors in corpus callosotomy do not necessarily mirror those in resection.
A shorter epilepsy duration was also predictive of seizure freedom, which is consistent with the literature relating to epilepsy resections. 13, 28 Surgery relatively early after epilepsy becomes refractory typically portends better outcomes. For instance, mesial temporal lobe epilepsy is a sometimes progressive disorder, and early surgical intervention is advised to limit possible strengthening of epileptogenic circuits. 12, 31 This finding implies that early surgical intervention with corpus callosotomy, as with resection, may produce improved outcomes.
Predictors of Drop Attack Freedom and Extent of Disconnection
Corpus callosotomy recipients with idiopathic epilepsy etiologies were more likely to be free of drop attacks postoperatively than those with known etiologies. Again, this differs from resective surgery, in which a known cause of epilepsy is associated with improved seizure outcomes.
14 One possible contributing factor for this discrepancy is that although patients with idiopathic generalized or multifocal epilepsy are not candidates for resection, these individuals may respond to corpus callosotomy. One case series reported that 8 of 9 patients with idiopathic generalized epilepsy had at least 50% seizure reduction after corpus callosotomy. 30 Therefore, although resection outcomes are best in patients with a focal and identified epilepsy etiology, individuals with poorly localized or even idiopathic generalized epilepsy may be candidates for corpus callosotomy.
Next, complete callosotomy was more likely than partial callosotomy to be associated with freedom from drop attacks. In one study of 27 pediatric patients, 91% of individuals achieved significant seizure reduction after complete callosotomy, compared to 75% of those who received partial callosotomy. 27 However, many surgeons avoid complete callosotomy because of concern for disconnection syndrome. Notably, we did not observe a higher rate of disconnection syndrome among patients with complete (8.0%) compared with partial (12.4%) callosotomy. One recent systematic review did find that disconnection syndrome was more common with complete (12.5%) than partial (0%) callosotomy, but this report was restricted to 12 studies, compared with 57 in this present analysis, and only evaluated children. 22 Although most partial callosotomies lesion the anterior corpus callosum, it has been proposed that there is little advantage to sparing only posterior callosal fibers, because interhemispheric tracts related to motor and many important neurocognitive functions cross anteriorly. 53 One recent study of 36 patients evaluated selective posterior callosotomies that spared the anterior fibers, and reported good seizure outcomes (83% of patients with > 90% decrease in drop attacks) as well as favorable neuropsychological outcomes. 53 Although further study will be required to clarify the optimal extent of resection to avoid disconnection symptoms, data across the literature do suggest a lower rate of seizure freedom with anterior callosotomy compared to a total section.
Adverse Events
We nonsystematically reviewed the rate of adverse events in the studies included in the meta-analysis, and focused on 5 investigations in which these data were given, which reported an overall complication rate between 8.1% and 12.4% (Table 3) . Transient neurological deficit was the most common adverse event noted, including in particular lower-extremity weakness or speech problems (e.g., aphasia, mutism). Recently, one group reviewed 236 corpus callosotomies done between 2000 and 2013 (information was obtained from multiple databases), and found that major or minor adverse events occurred in 14.3%, with neurological deficit being most common. 64 Another review suggested that adverse events may be more likely with complete versus partial callosotomy. 22 Although the risks of permanent or severe complications are low with corpus callosotomy, these data are valuable to consider in patient counseling and surgical decision making. Finally, although neurocognitive outcomes were not examined in the present study, a systematic review of neuropsychological outcomes may be worthwhile in future studies.
Study Limitations
There are several limitations to this study, including many inherent shortcomings of meta-analysis in neurosurgery that others have previously discussed in detail. 67 During our examination of each study, we evaluated for the risk of bias. Typically there was a high risk of bias, given that studies were retrospective and without blinding, control, or randomization. Another limitation was that although we aggregated data from multiple studies to generate a larger patient study group, the validity of our findings depends on the quality of data collected by others, and is thus susceptible to selection or publication bias. For example, we cannot fully evaluate subjectively defined variables for each study, such as individual definitions of disconnection syndrome, and we cannot quantify extent of callosotomy between studies. Furthermore, in a systematic review, we are unable to disaggregate all factors of interest, and cannot perform multivariate analysis to evaluate interactions across variables.
Another limitation is that this study included both adult and pediatric patients, which may increase heterogeneity. Although we allowed tests of heterogeneity to guide our selection of fixed-versus random-effects models, there may be disagreement about whether this approach is most appropriate in this patient population. We have also used this approach in previous studies of epilepsy surgery. [15] [16] [17] Next, not all medical literature databases were searched in our study, leading to the possibility that relevant studies were missed. Furthermore, data extraction by one author, with review and verification by a second, may lead to more bias than duplicate data extraction with two independent reviewers. Also, although we used several measures to ensure selection of dependable sources, all studies in this report were retrospective in design and susceptible to recall bias. Nevertheless, the strength of this approach lies in its ability to aggregate a large number of patients across several centers. Replicating these numbers with a prospective case series, even if it were multiinstitutional, would be quite challenging. Finally, PRISMA guidelines were applied to improve the quality of the analysis and findings reported.
48
Conclusions
We report a quantitative meta-analysis of overall seizure and drop attack outcomes following corpus callosotomy for refractory epilepsy. The presence of infantile spasms, a normal preoperative MRI study, and a shorter epilepsy duration predicted a higher rate of complete seizure freedom (19% overall), whereas drop attack freedom (55% overall) was predicted by idiopathic epilepsy etiology and complete callosotomy. Interestingly, some predictors of outcome with callosotomy differ from those with resection for epilepsy. We did not find increased risk of disconnection syndrome with complete versus partial callosotomy. Understanding the predictive value of these variables could be beneficial for preoperative corpus callosotomy planning and counseling of potential surgical candidates.
